We performed a prospective, randomized trial in CMV seronegative marrow recipients t o determine if filtered blood products were as effective as CMV-seronegative blood products for the prevention of transfusion-transmitted CMV infection after marrow transplant. Before transplant, 502 patients were randomized t o receive either filtered or seronegative blood products. Patients were monitored for the development of CMV infection and tissue-documented CMV disease between days 21 and 100 after transplant. Infections occurring after day 21 from transplant were considered related to the transfusion of study blood products and, thus, were considered evaluable infections for the purpose of this trial. In the primary analysis of evaluable infections, there were no significant differences between the probabil-RIMARY cytomegalovirus (CMV) infection caused by transfusion is a major problem for immunocompromised CMV-seronegative patients. For seronegative marrow transplant patients who receive standard blood products, the risk of CMV infection is between 28% and 57%.' Although infections can be asymptomatic, symptomatic CMV disease including pneumonia and gastroenteritis occurs in ~3 0 % of all CMV-infected patients with substantial mortality, despite recent improvements in treatment."
We performed a prospective, randomized trial in CMV seronegative marrow recipients t o determine if filtered blood products were as effective as CMV-seronegative blood products for the prevention of transfusion-transmitted CMV infection after marrow transplant. Before transplant, 502 patients were randomized t o receive either filtered or seronegative blood products. Patients were monitored for the development of CMV infection and tissue-documented CMV disease between days 21 and 100 after transplant. Infections occurring after day 21 from transplant were considered related to the transfusion of study blood products and, thus, were considered evaluable infections for the purpose of this trial. In the primary analysis of evaluable infections, there were no significant differences between the probabil-RIMARY cytomegalovirus (CMV) infection caused by transfusion is a major problem for immunocompromised CMV-seronegative patients. For seronegative marrow transplant patients who receive standard blood products, the risk of CMV infection is between 28% and 57%.' Although infections can be asymptomatic, symptomatic CMV disease including pneumonia and gastroenteritis occurs in ~3 0 % of all CMV-infected patients with substantial mortality, despite recent improvements in treatment."
Delivery of CMV-seronegative screened blood products reduces the incidence of infection to I % to 4% in CMVseronegative marrowh-' and solid organ transplant recipients9 as well as in infants born to CMV-seronegative mothers."' The use of CMV-seronegative blood products has now become the standard of care for marrow transplant patients who are seronegative and who have seronegative marrow donors. However, the demand for CMV-safe blood has increased dramatically as the number of transplants has increased and as physicians try to maintain the seronegative status of potential transplant candidates. These indications plus requests for seronegative blood products for less proven indications (eg, in the seronegative patient receiving a sero-ity of CMV infection (1.340 v 2.4%. P = 1 .OO) or disease (0% v 2.49/0, P = 1.00) between the seronegative and filtered arms, respectively, or probability of survival ( P = .61. In a secondary analysis of all infections occurring from day 0 t o 100 posttransplant, although the infection rates were similar, the probability of CMV disease in the filtered arm was greater (2.440 v 0% in the seronegative arm, P = .03). However, the disease rate was still within the prestudy clinically defined acceptable rate of 5 5 % . We conclude that filtration is an effective alternative to the use of seronegative blood products for prevention of transfusion-associated CMV infection in marrow transplant patients. 0 7995 by The American Society of Hematology.
positive organ allograft) have often resulted in the demand for CMV-seronegative blood products exceeding the supply at many blood centers.
Manipulations to remove CMV from blood before transfusion would greatly increase the availability of CMV-safe blood. Both clinical and laboratory observations have shown the leukocyte to be the vehicle of transmission of CMV by transfusion.".12 Over the past 5 years, controlled"." and ~ncontrolled""~ studies have shown that leukocyte reduction of blood products may significantly reduce the risk of CMV transmission. However, there are no comparative studies evaluating the relative safety and efficacy of leukocyte-reduced versus CMV-seronegative blood products for the prevention of CMV infection and disease.
We performed a prospective, randomized, controlled study to compare the effectiveness of 3-Iogl,, reduction of leukocytes by filtration from both red blood cell (RBC) and platelet transfusions with that of blood product screening in preventing CMV infection and disease in both seronegative allogeneic and autologous recipients after marrow transplantation. Analysis of survival and relapse rates between patients receiving either type of blood products was also performed.
After initial CMV serology testing 2 to 4 weeks before transplant, patients were randomized by a central randomization center (FHCRC) to receive either CMV-seronegative screened blood products (seronegative a r m ) or filtered blood products (filtered -).
Patients received assigned blood products until the development of CMV infection, oncologic relapse, death, or day 100 after transplant. No intravenous Ig or antiviral prophylaxis was used routinely, with the exception of acyclovir (250 mg/m2 every 12 hours) for prevention of herpes simplex infection. Conditioning for transplant and posttransplant immunosuppression to prevent acute graft-versus-host disease (GVHD) have been de~cribed.".'~ All patients consented for study in compliance with the standards set by the Institutional Review Boards of the two study sites.
Preparation of blood products. The number of red blood cell (RBC) products and the number, type, and source of each platelet product (ie, random-donor platelet concentrates or family member or community single-donor apheresis platelets) provided to the patients were recorded as single units. Both the pooled random-donor platelet concentrate transfusions given during the study and the apheresis products contained the equivalent of approximately six platelet concentrates. Blood products were provided by the blood centers at each trial site (Puget Sound Blood Center, Seattle, WA; the American Red Cross, St. Paul, MN; and the University of Minnesota Hospital Blood Banks, Minneapolis, MN). Seronegative blood donors were identified by latex agglutination at both trial sites. Because the study was not blinded and all apheresis donors were tested for CMV, we attempted to maintain a balance of seronegative and seropositive apheresis donors. To achieve this, the serostatus of the apheresis donors used for the filtered arm was not made available to those selecting the platelet donors. Platelets and RBCs were filtered inline at the bedside using Pall filters (Pall Biomedical Products Corporation, Glen Cove, NY). Platelet filters were either the PLlOO or PLSO, each was used during approximately half of the study. RBC units were filtered using the Pall RC 100 filter. All of these filters are made from compressed polyester fibers and are known to consistently remove in excess of 3 log,, of total leukocytes (including granulocytes) and in excess of 4 log,, of total B and T cells (including CD4 and CD8 cells), and monocytes as assessed by flow cytometry studies.*' Because it is not possible to obtain a representative postfiltration sample to quantitate the degree of leukocyte reduction achieved by bedside filtration," no postfiltration leukocyte counts were performed.
Evaluation of CMV infection and disease. Based on previous studies, patients who develop CMV infections c 2 1 days from study entry may have had a recent prior infection, but either have not had the immunologic competence or time to seroconvert or had such a low antibody titer that the antibody could not be reproducibly detected.',"8 Thus, it was decided at the outset of the study that the primary endpoint of the study would be an analysis of patients who developed their infections more than 21 days after transplant to exclude the possibility that early infections were related to prestudy viral exposure. Although CMV disease was also monitored throughout the study, it is recognized that the progression of CMV infection to disease is primarily determined by immunologic factors at the time an infection is acquired rather than by some intrinsic property of blood product transfused.' Thus, CMV infection rates can be attributed directly to blood product exposure, while progression of CMV infection to disease is primarily controlled by immunosuppression. ' CMV infection was defined as the identification by culture or CMV antigen detection of CMV from any clinical specimen, and CMV disease was defined as biopsy evidence of CMV in tissue with compatible clinical symptoms. CMV pneumonia was defined either by tissue biopsy or bronchoalveolar lavage (BAL) with a new or changing infiltrate on chest radiograph. All patients were evaluated for the development of CMV infection with cultures of urine, throat, and blood by standard tube culture techniques. All FHCRC patients had cultures obtained weekly through day 100. However, cultures were obtained only every other week for =SO% of UM patients after discharge from the hospital. The remainder had weekly cultures and all patients returned to the transplant center at day 100 and cultures were obtained. Culture was used as the method of virus detection because the interpretation of seroconversion would be confounded by passively acquired antibody from filtered blood products or intravenous Ig.
Patients developing signs or symptoms of CMV disease during the first 100 days after transplantation underwent a diagnostic procedure to obtain tissue samples for culture and histopathologic examination. All tissue specimens were cultured and examined for typical histologic inclusions, including autopsy samples. BAL fluid was also evaluated by direct CMV-specific fluorescent antibody staining and by shell vial and standard tube culture techniques.
Statistics. The purpose of this study was to compare the relative efficacy of the two treatment modalities for the prevention of CMV infection and/or disease. Based on a projected incidence of CMV infection of 1% to 3% in the seronegative arm, we prospectively accepted a difference of 5 5 % in infectioddisease rates between the two study arms as being clinically equivalent. We projected a sample size of 250 in each arm to have an 80% power to detect a difference of 5% or more at the 0.05 level by two-sided testing.
The incidence of CMV infection, disease, and survival to day 100 after transplantation was estimated using the Kaplan-Meier product limit method and the time to an event was compared using the exact version of the log-rank test. Analysis of other discrete demographic variables was performed using either Fisher's exact or Chi-square tests.
The primary endpoint of the trial was an analysis of the evaluable infections, ie, only those infections that developed between days 21 and 100 after transplant. For completeness, a secondary analysis for all infections occumng from day 0 to 100 was also performed. Patients reached a censoring endpoint at the time of death, malignancy relapse, on the day that they received in excess of six transfusions of nonassigned blood products (defined prestudy), on the day the last viral surveillance was obtained, or on the day that patients were lost to follow-up or at day 100 after transplant, whichever occurred first. CMV endpoints included the day of first positive culture from any site (infection) or positive tissue documentation, including BAL, either by culture or typical histologic inclusions (disease).
RESULTS

Patients.
Five hundred and twenty-one transplant patients were randomized to the study between July of 1989 until April, 1993. Nineteen were considered ineligible for analysis because they either (1) refused participation in the study after randomization, but before any study transfusions were given (N = 4, seronegative arm; N = 9, filtered arm), (2) died or left the center before receiving a transplant (N = 2, seronegative a r m ; N = 3, filtered arm), or (3) had no data available after randomization (N = 1, filtered arm). Table 1 shows the demographic characteristics of the remaining 502 transplant patients, including 306 (61%) at FHCRC and 196 patients (39%) at UM. There were no statistically significant differences in any of the demographic characteristics listed.
Blood product delivery.
Approximately 50% of the blood donors at both centers were seropositive. The only significant difference between blood product use by study Abbreviations: MTX, methotrexate; CSP, cyclosporine; TBI, total body irradiation; CTX, cyclophosphamide; ALL, acute lymphocytic leukemia; ANL, acute non-lymphocytic leukemia; CML, chronic myelogenous leukemia; GVHD, graft-versus-host disease.
arm was a higher mean number of family donor apheresis platelets used in the filtered arm compared with the screened arm ( P = .005) ( Table 2 ). In general, the designated blood products were delivered without major difficulties throughout the study period. A total of 37 patients were censored for receiving more than 6 U of blood in nonstudy transfusions; 22 in the seronegative arm and 15 in the filtered arm.
Censoring occurred for the following reasons: ( I ) 15 patients 
NS
Abbreviation: NS, not significant. *This table reports units of product (ie, 1 U from one donor). For apheresis single-donor platelets, one apheresis procedure was considered to be equivalent to 6 U of random platelets, but is reported here as 1 U because it came from one donor. Values given are the actual number of patients, with the YO actuarial * P values are determined from the log-rank test.
probability in parentheses.
in the seronegative arm who received more than 6 filtered transfusions because the patients developed febrile transfusion reactions; (2) 5 patients in the seronegative arm and 13 in the filtered arm erroneously received more than 6 unscreened or unfiltered transfusions, respectively; (3) 1 patient in the seronegative arm required HLA-matched platelet apheresis collections from known CMV seropositive blood donors who were the only compatible donors available; and (4) transfusion needs were so acute that neither blood product type could be obtained in time for one patient in the seronegative arm and 2 patients in the filtered arm.
Cytomegalovirus infection and disease. Greater than 90% of weekly cultures were obtained for FHCRC patients on study to day 100. For UM patients, a mean of 1.37 culture sets were taken per week during an average hospital stay of 2 to 4 weeks and 0.45 times per week from hospital discharge until day 100. Approximately 50% of patients (49.9% of filtered blood patients and 50.1% of seronegative blood patients) remained on study for the entire 100 days of study. There were no statistically significant differences between the numbers of patients who were censored for protocol violations, death, relapse, or who were lost to follow-up in either arm.
On analysis of the data for the primary endpoint of CMV infections that occurred between days 21 and 100 after transplant, there were a total of 5 CMV infections, 2 among the 249 seronegative recipients (0.8%; confidence interval [CI] = 0.1% to 2.8%) and 3 among the 247 filtered blood recipients (1.2%; C1 = 0.3% to 3.5%) (not significant [NS]) ( Table  3) . Of the 2 infections in the seronegative arm, 1 was viremia that occurred at day 35 after transplant, and the other was viruria at day 48. Of the three infections in the filtered arm, one was viremia at day 48 that progressed to pneumonia on day 52. The second patient developed pneumonia as the first sign of infection on day 52 and the third patient developed CMV gastroenteritis on day 56 after transplant. The actuarial probability of patients developing CMV infection by day 100 after transplant was 1.3% in the seronegative arm and 2.4% in the filtered arm ( P = 1.0). Neither of the 2 infected patients in the seronegative arm developed CMV disease (01 249 or 0%; C1 = 0.0% to 2.8%) whereas the 3 patients in the filtered arm (3/249 or I .2%; C1 = 0.3% to 3.5%) develFor personal use only. on September 14, 2017. by guest www.bloodjournal.org From oped CMV disease; however, the disease rate between the arms was not significantly different ( P = .25).
In the secondary analysis, five additional patients developed early CMV infection between the time of randomization and before day 21 after transplantation, two in the seronegative arm and three in the filtered arm. Neither of the two additional patients in the seronegative arm developed CMV disease, whereas the three patients in the filtered arm developed disease. Including all infections between days 0 and IO0 in a secondary analysis, the actuarial probability of developing CMV infection in the seronegative arm (1.4%) was not significantly different than the probability in the filtered arm (2.4%) ( P = S). Of particular note is that four of the five patients who developed CMV infections before day 21 had either equivocal or discrepant serologic test results at the time of study entry, suggesting there was some CMV antibody present even though they were defined as seronegative by serologic testing at the time of randomization. However, the probability of developing CMV disease was greater in the filtered arm (2.4% v 0%, P = .03). CMV disease was diagnosed by BAL lavage (n = 3), by endoscopy (n = l ) , or at autopsy as an incidental finding (n = 2, and both in the lung). All five patients with CMV pneumonia had fatal outcomes, whereas the patient with enteritis survived. In neither the primary nor in the secondary analysis did the CMV infectioddisease rates exceed the prestudy-defined clinically significant difference between the arms of 5%.
In the secondary analysis, there were no significant differences in either the type or number of blood products received by CMV-infected patients compared with noninfected patients ( Table 4 ). All patients developing CMV infection received a combination of random platelet concentrates and apheresis platelets. In addition, there were no appreciable differences in the number of nonstudy blood products received by infected compared with uninfected patients in either study arm. In the seronegative arm, 22 patients received a mean of 2 U (range, 1 to 6 U) of unscreened blood products with or without filtration in error, but only one of these patients (5%), who received 1 U seropositive unfiltered product in error, became infected. In the filtered arm, 13 patients (15%) received an average of 2 U unfiltered product (range, 1 to 6 U), but only one patient (8%) who received 1 U CMVseropositive unfiltered blood in error, became infected. Three infections occurred while the PLlOO platelet filters (first half of study) were being used and three infections while the PL50 filters were being used (second half of study).
We also examined risk factors known to increase the incidence of CMV infection and disease after marrow transplantation, and found no apparent differences between patients with CMV disease receiving filtered compared with seronegative products, including GVHD or its treatment, type of transplant, or the use of fractionated total body irradiation. Three infected patients in the seronegative arm and two patients in the filtered arm were recipients of an autologous transplant; the remaining infected patients were allogeneic transplant recipients.
Finally, survival in all patients was not significantly different at day 100 between the two arms with a projected survival of 82% in the filtered arm and 79% in the seronegative arm ( P = S6). In addition, there was no significant difference in probability of malignant relapse at or before day 100 between patients in the study arms ( P = .42).
DISCUSSION
Both uncontrolled
and a controlled marrow transplant studyi4 have provided strong evidence that CMV transmission by transfusion can be prevented by leukocyte reduction. We undertook the present study using recently developed filters for both RBC and platelet transfusions to test whether 3-logi, reduction of leukocytes by filtration was as effective as seronegative blood products for the prevention of transfusion-associated CMV infection. We also wanted to determine if allogeneic transplant recipients, who are at higher risk than autologous recipients for the development of life-threatening CMV disease, could be equally protected, as our previous trial had been performed primarily in autologous transplant recipients.I4
The CMV infection and survival rates in patients were comparable in the two arms of this study, whether the data were analyzed for the primary endpoint of evaluable infections (those infections occurring between days 21 and 100 after transplant) or for any infection occurring through day 100. Thus, the present study shows that the administration of either leukocyte reduction by filtration ( 3 log,,) of both RBC and platelet products and CMV-seronegative blood products have approximately the same efficacy in preventing transfusion-transmitted CMV infection. The overall infection rates were low in both arms with actuarial probabilities of 1.4% for seronegative blood and 2.4% for filtered blood, which were similar to results of previously screened blood studies6-* Both seronegative and filtered blood were clearly superior to the previously reported 28% to 57% incidence of transfusion-associated infection observed when unscreened blood products were used to support CMV-seronegative patients after marrow transplantation.6-* Filtration was successful despite the exposure to large numbers of blood products required by marrow transplant patients and despite the likely shift to a higher than usual percentage of seropositive blood products given to patients in the filtered arm. This probable shift may have occurred because a large proportion of the For personal use only. on September 14, 2017. by guest www.bloodjournal.org From available seronegative blood products in each community were being given to patients in the seronegative arm. Both allogeneic and autologous transplant recipients appeared equally protected from infections by filtered blood products (incidence of CMV infections of 1.4% and 0.9%, respectively).
CMV disease rates in the two study arms were also not statistically significantly different for evaluable infections ( P = .25), but were significantly different when all infections were analyzed ( P = .03), with less CMV disease in patients receiving seronegative blood. While including all infections may be the preferred analysis from a statistical point of view, prospectively defined rules for evaluability were based on data that early infections likely result from the presence and possible reactivation of unrecognized virus acquired before randomization. Therefore, we believe excluding early infections is more meaningful and clinically relevant.
The results of this study support this decision. Four of the five patients whose infections developed before day 21 had either equivocal or discrepant serologic test results at the time of randomization, suggesting that these patients were likely infected before entering the study.'.hx Because serologic screening tests are not 100% accurate, the entry of a small number of false-negative patients into this study was anticipated. In a study at FHCRC, where the concordance rate between two different serologic assays was compared in 409 sera, we observed equivocal results in 4.1 % and either false-positive or false-negative results in 1.1% of the pairs when samples were retested by a third test.' In the present study, there were I U306 (4%) equivocal results and 36/306 (1 2%) discrepant results, consistent with the previous repolt. Furthermore, the results presented here strongly suggest that more sensitive serologic screening tests would be the best way to improve upon the results of this study.
The difference in CMV disease rates between the two arms when all infected patients were included in the secondary analysis is not easily explained based on our understanding of CMV pathobiology. The observed incidence of any CMV disease was only 2.4% in the filtered arm compared with 0% in the seronegative arm. Therefore, both techniques achieved the prestudy target goal of less than 5% difference in infection 01' disease rates as being clinically equivalent because we did not expect either method to be perfect in preventing either CMV infection or disease. However, CMV disease usually develops in less than 50% of patients acquiring primary culture or histologically proven CMV infections, whether in known seropositive patients,' seronegative patients getting seronegative blood and marrow from a seropositive marrow donor* (R. Bowden, unpublished data, December 1989) or from blood',6-* or granulocyte transfusions." Therefore, it was surprising and remains unexplained why 100% of the infected patients who received filtered blood products developed disease. In fact, during the 6 months after completion of this study, two cases of CMV disease were observed in patients receiving seronegative blood products; one infection occurred early and one occurred after the first 2 l days posttransplant. Because the probability of CMV infection was similar in both groups in the present study, we have no biologic explanation for the higher incidence of CMV disease in the filtered group, particularly because the immunosuppressive risks were the same in both patient groups. It is not realistic to expect that whatever method used to prevent infection would necessarily prevent the development of CMV disease in the few patients who experience breakthrough infections. Although the readers must draw their own conclusions, we believe that the very low number of infections in the current study is too small for us to draw conclusions about the significance of CMV infections resulting in disease in either arm. Finally, it is possible that either filter failures or the higher percentage of single family donors used in the filtered arm (ie, some CMV-seropositive donors may have been more likely to transmit CMV continuously than single seropositive donors would), may have increased the disease risk in the filtered arm. However, if this were true, one would be more likely to expect this to result in a higher infection rate in the filtered arm, not a higher diseasehnfection ratio. If this explanation is correct, one would also expect a high diseasehnfection ratio among patients receiving unscreened blood or granulocyte transfusions. This has not been observed."'.'' It is unknown what impact a higher proportion of seropositive blood donors would have on the incidence of CMV infections in the filtered arm.
In summary, the present study shows that filtration of blood products is as effective as CMV-seronegative blood products in preventing transfusion-acquired CMV infection after allogeneic or autologous marrow transplant. This study showed equivalency of the two methods for prevention of CMV infection despite exposure to blood products from a very large number of different donors. Although, we can offer no satisfactory biologic explanation as to why more CMV disease occurred in the filtered group, this observation reached marginal statistical significance only when early infections were included in the analysis. The risk of developing CMV disease has uniformly been shown to be related to factors associated with immunosuppression of the host and not to the type of exposure.
Thus, we believe that the results of this study justify abandoning the maintenance of dual inventories of seronegative and seropositive/unscreened blood products. In fact, the need to perform serologic screening of blood products for CMV could be eliminated altogether. However, we do agree, based on the unresolved question as to why more CMV disease occurred in the filtered blood group or more likely on cost considerations, that some blood centers or transfusion services may choose to maintain dual inventories until the time when newer screening techniques become available to better identify the truIy seronegative recipient," more efficient fiL ters are developed, or new studies show that this CMV disease risk is not reproduced. At the current time, the blood centers or transfusion services involved with this study are using the two methods interchangeably to provide CMVsafe blood products. What products are used have been selected on cost, availability, and physician ordering practices at each institution.
Other immunocompromised patient populations such as newborns and solid organ transplant patients will likely also be protected from CMV infection by filtered blood products, For personal use only. on September 14, 2017. by guest www.bloodjournal.org From however, further study in these patient populations may be warranted. Although it is likely that the risk of CMV disease in these less immunocompromised patients would be lower, there may be qualitative differences in these patient populations that require further study.
Although bedside delivery of filtered blood products successfully prevented CMV infection in this study, we believe that filtration in the blood center should further improve the amount and consistency of leukocyte reduction. In addition, random prefiltration and postfiltration quality control samples can be obtained for leukocyte counting to ensure that appropriately leukocyte reduced products are being provided. In addition, since the initiation of this study newer filters have become available that can achieve leukocyte reduction of up to 3 logs,,, further improving the potential to provide reliable blood products capable of preventing transfusion-acquired CMV infection. We believe that leukocytereduction by filtration represents a major advance in the prevention of transfusion-transmitted CMV infection in truly seronegative recipients. Only relatively minor additional reductions in the incidence of CMV infection will likely b e achieved by more reliable screening of patients to identify the truly seronegative patient, more reliable screening of donors to insure only truly seronegative blood is delivered, or improved leukocyte-reduction methods.
